Introduction
[2] A sudden stratospheric warming is a large-scale meteorological process that can last several days or weeks [Andrews et al., 1987; Labitzke, 1977; Labitzke and Kunze, 2009; Coughlin and Gray, 2009] . During an SSW, the zonal mean flow in the stratosphere is disrupted and planetary waves with zonal wave numbers one and two usually grow in amplitude as they absorb some of the energy of the mean flow. The change in circulation is then expected to change the propagation characteristics of the tidal modes generated in the troposphere and stratosphere by absorption of solar radiation by water vapor and ozone, respectively. Tides generated in the lower atmosphere grow in amplitude as they propagate vertically into the lower thermosphere. As they propagate, they interact with each other, with the mean flow, and with the changing amplitude of the stationary planetary waves. The expectation is that the tidal amplitudes and phases in the lower thermosphere will change as a result of these interactions during an SSW.
[3] It has recently been revealed that large-scale, near-global atmospheric processes are directly impacting the ionosphere and electrodynamics in a predictable way Chau et al., 2010; Fejer et al., 2010; Fuller-Rowell et al., 2010] . Chau et al. [2010] observed variations in the vertical plasma drift at the Jicamarca incoherent scatter radar facility during recent SSW events, covering the northern winters of 2008 and 2009 . They concluded that during the SSW events, the characteristics of the dayside vertical plasma drift changed from a diurnal type signature with one peak, to more of a semidiurnal character, with a stronger peak earlier than normal on the dayside followed by a reversal of the drift direction to downward in the afternoon. The conjecture is that during an SSW, the neutral wind system in the lower thermosphere is changed, producing atypical dynamo electric fields. They also suggest that the stronger peak earlier in the morning enhances the strength of the equatorial ionization anomaly (EIA) producing a large TEC increase . Fejer et al. [2010] also suggested that the amplitude of the response is influenced by the phase of the lunar-driven atmospheric tides.
[4] Fuller-Rowell et al. [2010] recently showed that the whole atmosphere model (WAM) Fuller-Rowell et al., 2008] could generate an SSW internally, from a "free-run" of the model. In this case, after initialization, no data are used to drive the model, so the SSW appeared as a natural consequence of the numerical simulation and no external forcing was required. They showed that the model generated a fairly modest SSW, with the polar stratospheric temperature increasing by about 30 K, and the stratospheric polar vortex displaced off the northern winter pole. The zonal eastward winds reduced but did not reverse, consistent with a minor warming. The change in the lower atmosphere dynamics affected the magnitude of the various tidal modes that propagate into the thermosphere from their sources in the troposphere and stratosphere. Although many of the tidal modes were affected, the simulations indicated that the strongest response to the SSW was a decrease in the semidiurnal tide and a substantial increase in the magnitude of the terdiurnal mode in the lower thermosphere dynamo region. Since this free-run event was modest in magnitude, the electrodynamic consequences were also fairly modest, but they did exhibit some of the observed features from the Jicamarca incoherent radar observations from Chau et al. [2010] .
[5] Since the SSW is internally generated in the WAM free-run simulation, it did not correspond to any particular winter period, and its magnitude could not be controlled. However, WAM is built upon the operational Global Forecast System (GFS) model that is used to produce the US daily weather forecasts. on an existing operational Global Forecast System (GFS) model used by the US National Weather Service (NWS) for medium-range weather prediction. To create WAM, the troposphere/stratosphere GFS code was extended from 64 layers to 150 layers, with the top altitude level raised from 62 km to about 600 km in the thermosphere. The current version of WAM uses a spectral resolution T62, corresponding to 1.8°× 1.8°in latitude-longitude. The vertical extension of the model domain required the additional physical processes, and also substantial changes in the dynamical core .
Numerical Simulation
[7] WAM simulations have demonstrated that the diurnal tide with zonal wave number one (DW1), the semidiurnal tide with zonal wave number two (SW2), and the non-migrating diurnal wave number three (DE3) are in excellent agreement with data [e.g., . It has also been demonstrated that WAM can realistically simulate the midnight temperature maxima (MTM) [Akmaev et al., 2009] ; the response of the upper atmosphere to a sudden stratospheric warming (SSW) [Fuller-Rowell et al., 2010] ; and the variability of the system .
[8] The plasma processes required in WAM are provided by the Coupled Thermosphere Ionosphere Plasmasphere electrodynamics (CTIPe) model Fuller-Rowell et al., 1996] . The mid-and low-latitude electric fields are calculated consistently with the neutral dynamics and ionospheric plasma densities and conductivity.
[9] In order to predict the response to real atmospheric events, WAM was been integrated into the NCEP GSI data assimilation system (Wang et al., submitted paper, 2011). The GSI system was modified by spreading the forcing by data uniformly over the 6-hour assimilation window, the so-called incremental analysis updates (IAU). This modification ensured model stability without the need for excessive filtering, resulting in much more realistic tidal propagation. The WAM-GSI-IAU data assimilation and forecast system was used to simulate the January 2009 SSW interval, following the real SSW with high fidelity (Wang et al., submitted paper, 2011) , and predict the impact on the dynamo winds in the lower thermosphere. The simulations also revealed that the dynamic response could be forecast a few days ahead.
Results
[10] At solstice, strong zonal westerly (eastward) winds develop in near-geostrophic balance with the meridional pressure distribution, to form a circumpolar vortex around the cold winter pole. In the absence of variability, this polar vortex is stable, and isolates the cold winter polar region. During a sudden stratospheric warming, the meteorological weather patterns cause the vortex to be displaced off the pole, or split, causing a growth in planetary waves one and two in the winter stratosphere. Coughlin and Gray [2009] suggest that stratospheric dynamics exist in two natural wellseparated states, with the winter polar stratosphere being either cold (90%) or warm (10%). The warm winter polar stratosphere has a distinct characteristic that separates it from the normal variability. They also suggest that, although SSWs have been categorized as major and minor, they are actually a continuum of warming events.
[11] Figure 1 shows the northern polar vortex from the WAM-GSI-IAU simulation before (top), and three days Figure 1 . Simulation of the break-up of the polar stratospheric vortex, in association with the January 2009 sudden stratospheric warming. Shown is the isentropic potential vorticity on the 840 K surface, at an approximate altitude of 30 km in the stratosphere: (top) a fairly symmetric vortex on January 10th and (bottom) a split vortex (dominant wave number two) on January 26th, three days after the peak of the warming.
after the peak (bottom), of the January 2009 warming. The parameter depicted is the potential vorticity on the 840 K potential temperature surface, which is at about 30 km altitude. The stable vortex on January 10th 2009, shown on top, would be the typical pattern for winter conditions. The situation three days after the peak of the warming, on January 26th 2009 (bottom), shows the vortex has split, indicative of a strong increase in planetary wave number two. The breakdown of the polar vortex reverses the normal eastward prevailing stratospheric zonal winds to westward (see Figure 2 , bottom). The peak of the wind reversal in the stratosphere near 60°N is over 160 m/s, indicating a huge change in the atmospheric circulation. The peak reversal at 70 km altitude is somewhat higher than expected, but is consistent with the simulations of Siskind et al. [2010] . Siskind et al. [2010] used data up to 90 km to drive NOGAPS-ALPHA to simulate a similar major warming event in January 2006. The simulations of the January 2006 warming showed the eastward zonal wind peak between 65 and 70 km altitude, similar to the WAM simulation of the 2009 event.
[12] With the break-up of the vortex, the Coriolis force from the strong eastward winds no longer balances the pressure gradient from equator to pole. Now there is nothing inhibiting the meridional winds flowing towards the winter pole. The result is a large increase in the polar stratospheric temperature; not only is heat transported by the meridional circulation, but adiabatic heating from the down-welling that closes the circulation also heats the region. The polar stratospheric temperature increases by over 70 K (see Figure 2 , top). These changes in circulation and temperature structure are a classic signature of a major stratospheric warming [Labitzke and Kunze, 2009] . Figure 2 also shows the expected cooling in the mesosphere and warming again in the lower thermosphere [Liu and Roble, 2002; Goncharenko and Zhang, 2008] .
[13] The splitting of the vortex, the development of the planetary wave number two, and the change in the lower and middle atmosphere circulation and temperature structure, affects the vertical propagation characteristics of atmospheric tides. These tides are generated in the troposphere and stratosphere by absorption of solar radiation by water vapor and ozone, respectively, and propagate into the upper atmosphere [Forbes, 1995] . Figure 3 (top and middle) shows the global distribution of the amplitude of the migrating 12-hour semi-diurnal wave number two (SW2) and the migrating 8-hour terdiurnal wave number three (TW3), respectively, for the zonal wind from 70 to 200 km altitude, for January 10th (Figure 3 , left) and 24th (Figure 3, right) . Before the warming, on January 10th, the SW2 zonal wind tidal amplitude is over 85 m/s in the northern hemisphere, which is a factor three greater than the TW3 peak amplitude of 28 m/s. On Jan 24th, three days after the peak in the warming, the amplitude of the SW2 has been eroded from above, in the same region that the TW3 tide has more than doubled to 63 m/s. At 120 km altitude, which is in the heart of the dynamo region, the SW2 and TW3 end up having similar magnitudes. A more detailed discussion of the possible wave-wave interaction responsible for the changes in the tidal amplitude is presented by Wang et al. (submitted paper, 2011) .
[14] Figure 3 (bottom) shows a snapshot of the global pattern of zonal winds at 0UT in the lower thermosphere dynamo region, at 120 km altitude, for January 10th (Figure 3 , bottom, left) before the warming, and for January 24th (Figure 3 , bottom, right) near the peak of the warming. The spatial structure depicted in Figure 3 shows the inherent variability of the wind fields from WAM. The increase in the amplitude of TW3 is not quite so easy to discern in Figure 3 (bottom), except that in the northern hemisphere the development of three clear minima are apparent on Jan 24th (Figure 3 , bottom, right) which is expected from the increasing influence of the migrating 8-hour terdiurnal tide.
[15] The wind fields from these thermal tides drive electrodynamics in the lower thermosphere, which impacts the ionosphere. The mobility of the ions and collisions with neutrals renders the lower thermosphere the strongest driver of ionospheric currents on the sunlit dayside, where E-region plasma density is at its greatest. Divergence in these currents creates polarization electric fields, which map along the magnetic field and drive plasma motion at higher altitudes, in the F-region ionosphere around 300 km altitude. Under "normal" tidal wind conditions with a strong SW2, these electric fields are typically eastward during the day [Scherliess and Fejer, 1999] , which under the influence of horizontal northward magnetic fields at the magnetic equator, drives plasma upward and poleward to create peaks on either side of the equator, known as the Figure 2 . Illustration of the change in the zonal-mean temperature (top) and zonal winds (bottom) in the northern hemisphere from the ground to 200 km altitude as a result of the January 2009 sudden stratospheric warming. Shown is the difference between the temperature, or winds, on January 23rd, compared with the average of the pattern before and after the warming, on January 10th and February 22nd, respectively. equatorial ionization anomaly (EIA) [see Goncharenko et al., 2010] .
[16] The winds from WAM have been used to drive the electrodynamics in the CTIPe coupled thermosphere ionosphere model. The change in the wind field from SW2 to an increasing magnitude of TW3 in the lower thermosphere drives a very different dynamo (Figure 4, bottom) . The winds from WAM increase the eastward electric field earlier in the morning and drive a strong reduction (sometimes even a reversal to westward) in the afternoon. Figure 4 (bottom) shows the day-to-day variation in the dayside (8 to 18 local time) vertical plasma drift from January 11th to February 22nd from the numerical simulation. For each day, the difference in the drift compared to the average diurnal variation is shown. Following the peak in the SSW, as the TW3 increases, the drifts increase in the morning hours and decrease sharply in the afternoon. As time progresses, the increase in the upward drift gradually decays and the peak moves to later local times. The modeled response is in reasonable agreement with observations of vertical plasma drift Figure 4 (bottom) from the Jicamarca incoherent scatter radar facility near the magnetic equator in Peru, particularly for the afternoon decrease. Figure 4 (top) is from Chau et al.
[2010], and shows the same parameter as in the model Figure 3 . The change in (top) the amplitude of the zonal wind SW2 semidiurnal migrating tide and (middle) the TW3 terdiurnal migrating tide, from (left) before the warming on January 10th, and (right) after the peak on January 24th. (bottom) Snapshots of the global pattern of zonal winds at 0 UT at 120 km altitude for (left) January 10th and (right) January 24th. simulation in Figure 4 (bottom). The simulation reproduces the general characteristics in the local time structure, as well as its temporal evolution, although the morning increase in the simulations is somewhat weaker than the observation and some of the day-to-day changes are not captured. The change in the electric field and vertical plasma drift has a dramatic influence on the plasma density distribution . Wang et al. (submitted paper, 2011) have also shown that the whole atmosphere neutral dynamics and the changes in the amplitude of the tidal modes can be forecast several days ahead. Similarly, the electrodynamics and the plasma density response can also be forecast several days in advance.
Conclusion
[17] A whole atmosphere model simulation has been used to simulate the dynamic and electrodynamics response to the January 2009 sudden stratospheric warming. WAM was able to follow the response of the stratosphere during this period. The simulation shows that the normal polar vortex circulating the northern winter pole splits into two, with a strong increase in planetary wave number two. The zonal winds changed by over 160 m/s and the stratospheric polar temperature increased by 70 K; both classic signatures of a major SSW. The WAM simulation showed a substantial increase in the amplitude of the 8-hour terdiurnal tide in the lower thermosphere dynamo region, at the expense of the more typical semidiurnal tide. The increase in the terdiurnal mode has a significant impact on the diurnal variation of the electrodynamics at low latitude.
[18] The winds from WAM during the period were used to drive the electrodynamics in a coupled thermosphere ionosphere model. The changes in the winds in the dayside ionospheric E region increased the eastward electric field, or upward vertical plasma drift, early in the morning, and drove a westward electric field, or downward plasma drift, in the afternoon. As the SSW evolved, the initial large increase in morning upward drifts gradually moved to later local times, and decreased in magnitude. The change in the amplitude and phase of the electrodynamic response to the SSW is in good agreement with observations from the Jicamarca incoherent scatter radar observations.
[19] In the absence of comprehensive direct measurements of the neutral winds in the mesosphere and lower thermosphere, the general agreement of the electrodynamics with observations serves to validate the whole atmosphere dynamic response. Since WAM can accurately forecast the neutral dynamics several days ahead, the simulations also indicate that the ionospheric and electrodynamic response to large-scale lower atmospheric processes, and their impact on space weather, can also be forecast several days in advance.
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